In this research, formation of aluminide/silicide diffusion coatings on -TiAl[Ti-48Al-2Nb-2Cr (at.)] alloy using gas-phase diffusion pack cementation process has been investigated. The application of powder mixtures with various chemical compositions in the pack cementation process performed at 1000 o C for 6 hours in order to achieve simultaneous diffusion of Al and Si, showed that the composition of the powder mixture could have a significant effect on the structure and thickness of the aluminide/silicide coatings. The identification and analysis of aluminide/silicide microstructures formed as a result of simultaneous diffusion of Al and Si, which was comprehensively and qualitatively done for the first time in this study, showed that the sequential mechanism is dominant in the formation of the above-mentioned coatings. Furthermore, Kirkendall phenomenon and volumetric changes caused by the formation of Ti5Si3 and Ti5Si4, were considered as the two dominant mechanisms in the formation of porous segregated structure in these coatings. In this study the effect of decreasing the activity of Si through two approaches of reducing the amount of Si in the powder mixture and using Al-20wt.%Si alloyed powder instead of pure Al and Si depositing elements, on the microstructural modification coatings was investigated. The results showed that reducing the Si activity at the surface of the coating and, consequently, reducing the flux of active silicon atoms (JSi), has a significant effect on the formation of coating with an ideal structure.
Introduction
Gamma TiAl intermetallic compound is a low density material, which has been widely used for its high specific strength, good oxidation and creep resistance at fairly high temperatures [1] [2] [3] [4] [5] .
These attractive properties make the material work in the aerospace and automotive industry as well as use in manufacture of low-pressure turbine blades [4] [5] [6] [7] [8] [9] . But this alloy is not sufficient oxidation protection above 800 o C [10, 11] . This is explained by the fact that -TiAl intermetallic compounds could not form a protective and dense Al2O3 layer, but form a brittle, porous and non-protective TiO2 + Al2O3 mixed layer on their surfaces at oxidation environment in higher temperatures [9, [12] [13] [14] . For this reason, widespread use of -TiAl alloy has been restricted.
So far, various methods have been used to improve the oxidation resistance of this alloy at high temperatures. One of these approaches is the use of alloying technique [15] [16] [17] [18] .This method is based on the suppression of rutile formation that accounts for most of the mass gain of -TiAl due to oxidation. Park et al. [17] developed Ti-46Al-6Nb-0.5W-0.5Cr-0.3Si-0.1C alloy and found out that its oxidation resistance is superior mainly due to alloying elements such as Al, Cr, Nb, W and Si, which beneficially enhanced the formation of alumina and suppressed the formation of rutile in the scale. Yoshihara et al. [15] and Jiang et al. [16] also used Cr and Nb as alloying elements and observed their beneficial effects on the improvement of oxidation resistance of the -TiAl alloy. However, the use of this method often leads to losing properties such as ductility at room temperature and creep resistance. Therefore, improving the oxidation resistance of -TiAl by using alloying elements for practical applications is not always beneficial [18] .
Another approach to improve the high temperature oxidation resistance of these alloys, is surface modification of them, which is known as the best method [19] . All coating methods can be placed in this category. Nishimoto et al. [20] prepared two-step Cr and Al diffusion coating on TiAl, Jung et al. [21] have prepared an Al+Y coating by a single EB-PVD process, Taniguchi et al. [22] also have deposited Thin Al2O3 layer by chemical vapor deposition (CVD) and a large number of other methods of coating for various other compounds have also been studied by various researchers for surface modification of TiAl alloy to improve its high temperature oxidation resistance [23] [24] [25] [26] [27] [28] .
Among the methods mentioned above, the production of coating by pack cementation method with consideration of its numerous advantages can be considered as the most suitable method for the surface modification of the -TiAl alloy in order to increase its high temperature oxidation resistance. These advantages include [29, 30] : (i) The ability to produce a large volume of diffusion coatings with controllable thickness up to 200 µm, (ii) Possibility of co-deposition of numerous elements such as Al, Si, Cr, Y, (iii) Excellent adhesion between coating and substrate, (iv) Practicable for various shapes and sizes, without limitation for coating of out sight zones, (v) Low environmental effects.
Several researchers have prepared aluminide coatings on -TiAl alloy [6, [30] [31] [32] [33] . The Simodified aluminide coatings are also prepared on -TiAl alloys by pack cementation method to form titanium silicide layers on them. Based on thermodynamics, all titanium silicide phases (Ti5Si3, Ti5Si4, TiSi and TiSi2) except Ti3Si can form a protective SiO2 layer on -TiAl alloy surface [34] [35] [36] . In addition, various intermetallic titanium silicide compounds have good properties for high temperature applications.
Xiang et al. [37] studied the possibility of the co-deposition of aluminum and silicon and the formation of aluminide/silicide compounds on the alloy surface using pack cementation process, in their research. They found that by using the powder mixture of [Al(1-4wt.%)+Si(1-6wt.%)+AlCl3(1-5wt.%)+Al2O3(balance)], the co-deposition of Al and Si on the -TiAl is possible. They reported that a dense double layer coating consisting of a silicide and an aluminide layer formed on the -TiAl surface, which resulted in a significant increase in the high temperature oxidation resistance of the alloy.
But since it has been reported that the main disadvantage of titanium silicide compounds is its high brittleness [38] , in this investigation, it is decided to study the morphology, microstructure and phase composition of the layers formed as a result of the simultaneous siliconizing and aluminizing process.
Experimental
In this study, -TiAl substrates with a chemical composition of Ti-48Al-2Nb-2Cr (at.) were used. The substrates were the coupons of size 10×10×2 mm 3 which were cut from an ingot. The substrate surfaces were ground with SiC paper up to 1000 grit and then ultrasonically cleaned in ethanol and dried in air.
The simultaneous aluminizing and siliconizing process then was used to form a Si-modified aluminide coatings onto the -TiAl substrates. This process was carried out by burying the -TiAl coupons in 60g (for each sample) powder mixture consisting of aluminum and silicon depositing elements, AlCl3 as an activator, and Al2O3 (with maximum particle size of 50 µm) as a filler material. It should be noted that in some coating processes, pure Al (<65 µm) and Si (<5µm) were used as a source of depositing elements, and in some experiment runs, Al20wt.%Si alloy powder was used. Chemical composition of the powder mixtures used in pack aluminizing-siliconizing process of -TiAl specimens is shown in Table 1 .
The pack was heated in an alumina crucible under flowing Ar (%99.99) atmosphere from room temperature to 1000 o C at heating rate of 4 o C/min and then kept at 1000C for 6 h. The crucible was sealed with an alumina lid and cement. At the end of the coating period, the crucible was allowed to be cooled in the furnace to room temperature while maintaining the Argon gas flow.
The samples were then extracted from the powder mixture and rinsed with tap water and washed with distilled water for 10 minutes under ultrasonic conditions.
In order to estimate weight changes of the specimens after the coating process, weight of all the specimens was measured before and after the above process with the precision of 0.01 g.
The cross-section of the coatings was analyzed by a field emission SEM (IGMA VP, ZEISS Germany) equipped with an Oxford energy-dispersive X-ray spectroscopy (EDS) detector and back scattered electron imaging facilities.
Results and discussion
According to Fig. 1(a) and Table 2 , it can be seen that the specimen which was coated with a powder mixture of 0.5wt.%Al + 0.5wt.% Si + 1wt.% AlCl3 and balance Al2O3 by simultaneous aluminizing and siliconizing process, has been subjected to weight loss (∆w/w0(%) = -1.39). This indicates the degradation of this sample under condition of using low percentage of depositing elements of pure aluminum and silicon.
In the Al(1)Si(1) specimen ( Fig.1(b) ), by using a powder mixture of 1wt.%Al + 1wt.%Si + 1wt.%AlCl3 and balance Al2O3, a very thin coating with a two-layer structure was obtained. The coating has a silicide TiSi outer layer with a thickness of 2-3 µm and an inner layer of aluminide
TiAl3 with a thickness of 5-6 μm.
By increasing the content of depositing elements of pure aluminum and silicon and activator in the powder mixture (Al (2)Si (2) Given the Al(4)Si(4), Al (8)Si (8) and Al (10)Si (10) The morphology is almost identical in the Al(4)Si(4), Al (8)Si (8) and Al(10)Si(10) specimens. In general, the morphology of the coatings obtained in these specimens consists of two types of structures:
1-Initial compact coating structure
2-Porous breakaway structure
It is very difficult to detect the two above-mentioned structures in Fig. 1(d) , because the porosity in this coating is very low, but by increasing the amount of depositing elements of pure aluminum and silicon and AlCl3 as an activator in powder mixture (Al (8)Si (8) and Al (10)Si (10) specimens), the two above-mentioned structures are clearly visible.
According to Figs Fig. 1(c) ), the first phase formed will be TiSi, and if the amount of silicon element is high in the powder mixture (Figs. 1(d) to 1(f)), the first phase formed will be TiSi2.
In general, the solubility of Al in all titanium silicides is very limited and less than 2 at.%, while the solubility of Si in the TiAl3 has been reported to be about 7 at.% [38, 39] . Due to the solubility limitation of Al in TiSi2 and TiSi, the aluminum is released into the TiAl3 phase and on the TiSi/TiAl3 interface during the formation of the above mentioned layers on TiAl3 (Fig. 3(a) ).
This leads to the formation of an aluminum atomic flux (JAl) toward the TiAl3 layer. Also, due to the reaction of silicon in the powder mixture with AlCl3 and the formation of silicon chlorides, there is naturally a silicon atomic flux (JSi) on the surface and towards the TiAl3 layer. After the initial stages of siliconizing and formation of TiSi2 and TiSi layers, the silicon atomic flux (JSi) to the TiSi/TiAl3 interface is decreased compared to the early stages of siliconizing, because: 1-the amount of silicon contained in the powder mixture and around the specimen is decreased with time, and 2-the active silicon atoms introduced on the surface should pass through the TiSi2 and
TiSi layers for reaching to the TiSi/TiAl3 interface. Considering the fact that the diffusion rate of Si through the TiSi and TiSi2 layers is more than the diffusion rate of Al within the TiAl3 layer [40, 41] , qualitatively, an inward flux imbalance between aluminum and silicon atoms is formed (JSi>JAl) (Fig. 3(b) ).
By reducing the flux of active silicon atoms in the TiSi / TiAl3 interface, as a result of the formation of TiSi2 and TiSi layers on the TiAl3 layer, the arrival of active silicon atoms to the front of the TiSi / TiAl3 interface at this stage leads to the formation of Ti5Si3 or Ti5Si4 layers In contact with TiAl3. In the absence of sufficient flux of the active silicon atoms toward the TiSi/TiAl3 interface, a large part of the titanium silicide phase formed in the two-phase region will be Ti5Si3 ( Fig. 1(c) ), and if the flux of the active silicon atoms toward the TiSi/TiAl3 is high, a major part of the titanium silicide phase formed in the two-phase region will be Ti5Si4 ( Fig.   1(e) ). It is clear that the amount of flux of active silicon atoms toward the TiSi/TiAl3 interface is directly related to the amount of silicon depositing element used in the powder mixture.
However, since the silicon flux within the (Ti5Si3 or Ti5Si4)/TiAl3 interface is much faster than the migration rate of the above mentioned interface, the amount of silicon exceeds the solubility of silicon in TiAl3 and leads to interface instability ( Fig. 3(c) ). In this case, since DSi>DAl, any instability in the interface leads to the development of a non-planar interface, which further, forms a two-phase region consisting of columnar layers of Ti5Si3 or Ti5Si4 within the TiAl3 phase due to the growth process ( Fig. 3(c) ). The growth of the two-phase zone mentioned above is accompanied by the phenomenon of silicon segregation from the TiAl3 phase in the Si-rich foreground regions, and Si-rich lamellas (Ti5Si3 phase) are formed within the TiAl3 phase (point 4 in Fig. 1(f) ).
According to Figs. 1(c) to 1(f), the formation of Ti5Si4 and Ti5Si3 phases inside the TiAl3 phase is accompanied by the formation of porosities that in fact have made the two-phase porous separated structure. Furthermore, it can be seen that with increasing the percentage of depositing elements present in the powder mixture, the porosities made in the two-phase structure of coating have been increased significantly. Two possible mechanisms for porosity formation in the twophase zone of the aluminide/silicide coating are the Kirkendall mechanism and the volume change mechanism.
As already mentioned, in the formation of an aluminide/silicide coating through the pack cementation process, there are always certain inward fluxes of depositing elements of aluminum and silicon (Fig. 3) . However, during the progression of the Ti5Si4 and Ti5Si3 porous phases into the TiAl3 phase, the inward flux of silicon and aluminum should be balanced by counter flux of vacancies. These vacancies tend to be absorbed in the interphase boundaries and eventually merged into cavities. The possible model for the nucleation of cavities at the (Ti5Si3 or Ti5Si4)/TiAl3 interface is shown in Fig. 4 .
Regarding Figs. 1(c) to 1(f), another mechanism that could contribute to porosity formation in the two-phase zone of Ti5Si4 and Ti5Si3 within the TiAl3 phase seems to be volume changes during the formation of Ti5Si4 and Ti5Si3 phases. According to the reactions 1 and 2, and TiAl3, Ti5Si4, Ti5Si3, Si, and Al (Table 3) , it can be seen that during the formation of the Ti5Si4 phase in the TiAl3, the volume expansion is about %59.29, while this value was calculated to be %14.44
for the formation of the Ti5Si3 phase in the TiAl3.
From the calculations, it can be concluded that significant volume changes can occur in the Ti5Si4/TiAl3 interface, which can lead to further stresses at this interface and formation of porosities. The amount of volume changes and consequently the resulting stress, caused by the formation of the Ti5Si3 phase in TiAl3 is much less. Therefore, it can be concluded that during the formation of aluminide/silicide coatings, as the Ti5Si3 phase is formed and the Ti5Si4 phase is prevented, it actually decreases the porosity caused by volumetric changes.
According to Figs. 1(c) to 1(f) , it can be seen that by reducing the amount of Si in the powder mixture and consequently reducing the flux of the active silicon atoms, the formation of the Ti5Si3 phase will be dominant and the total porosity formed in the two-phase zone will be decreased.
As previously noted, in the Al(0.5)Si(0.5), Al (1)Si (1), Al (2)Si (2), Al (4)Si (4), Al (8)Si (8) and
Al (10)Si (10) In each case, the results of EDS analysis are also presented in Table 4 .
In the Al(2)Si (1) Table 5 for each specimen, respectively.
The structure of the coatings obtained in the above specimens is similar to Al (2) Fig. 1(b Fig. 1(b TiSi 3 in Fig. 1(d Fig. 5(a Fig. 6(a Comparison of partial pressure of aluminum chloride and silicon vapor in powder mixture with the composition of 5wt.%Si + 2wt.%Al + 2wt.%AlCl3 + 91wt.%Al2O3 [37] . The model represents the porosity formation mechanism in the columnar structure.
